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Direct photon	
• Direct γ = Inclusive γ – hadron 

decay γ 
• Passes through the medium 

without the strong interaction  
•  High pT(>5 GeV/c): hard scattering 

(RAA~ 1: Ncoll scaling works) 
•  Low pT(pT<3 GeV/c): Thermal radiation 

from hadron and QGP phases (Include 
fruitful information from QGP) 

• Difficulty of measurement 
•  Most of measured photons are from 

hadron decay products. 
•  Photons from all stages after collisions 

are detected. 
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Direct photon spectra 	
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Centrality dependence of direct photon 
yield 	 •  p+p 

•  Consistent with NLO pQCD 
• Au+Au 

•  Excess at pT<3 GeV/c 
•  Exponential shape (consistent with 

thermal ) 
•  Centrality dependence of inverse 

slope is small. 
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Aexp(!pT /T )+TAA " App(1+ pT
2 / b)!n

Exponential part	 Binary-scaled p+p result	

Inverse slope	

are summarized in Table I, where A is converted to dN=dy
for pT > 1 GeV=c. For central collisions T ¼ 221"
19stat " 19syst MeV. Using, instead, a power-law function
(/p#n

T ) to fit the pþ p spectrum yields n ¼ 5:40" 0:15,
and TAuAu ¼ 240" 21 MeV. If the direct photons inAuþ
Au collisions are of thermal origin, the inverse slope T is
related to the initial temperature Tinit of the dense matter. In
hydrodynamical models, Tinit is 1.5 to 3 times T due to the
space-time evolution [22]. Several hydrodynamical models
can reproduce the centralAuþ Au data within a factor of 2
[9]. These assume formation of a hot system with initial
temperature ranging from Tinit ¼ 300 MeV at thermaliza-
tion time !0 ¼ 0:6 fm=c to Tinit ¼ 600 MeV at !0 ¼
0:15 fm=c [22]. As an example, the dotted (red) curve in
Fig. 4 shows a thermal photon spectrum in central Auþ
Au collisions calculated with Tinit ¼ 370 MeV [7].

In conclusion, we have measured eþe# pairs withmee <
300 MeV=c2 and 1< pT < 5 GeV=c in pþ p and Auþ

Au collisions. The pþ p data show a small excess over the
hadronic background while theAuþ Au data show a much
larger excess. By treating the excess as internal conversion
of direct photons, the direct photon yield is deduced. The
yield is consistent with a NLO pQCD calculation in pþ p.
In central Auþ Au collisions the shape of the direct pho-
ton spectrum above the TAA-scaled pþ p spectrum is
exponential in pT , with an inverse slope T ¼ 221"
19stat " 19syst MeV. Hydrodynamical models with Tinit %
300–600 MeV at !0 % 0:6–0:15 fm=c are in qualitative
agreement with the data. Lattice QCD predicts a phase
transition from hadronic phase to quark gluon plasma at
%170 MeV [1].
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FIG. 4 (color online). Invariant cross section (pþ p) and
invariant yield (Auþ Au) of direct photons as a function of
pT . The filled points are from this analysis and open points are
from [19,20]. The three curves on the pþ p data represent NLO
pQCD calculations, and the dashed curves show a modified
power-law fit to the pþ p data, scaled by TAA. The dashed
(black) curves are exponential plus the TAA scaled pþ p fit. The
dotted (red) curve near the 0%–20% centrality data is a theory
calculation [7].

TABLE I. Summary of the fits. The first and second errors are
statistical and systematic, respectively.

Centrality dN=dy (pT > 1 GeV=c) T (MeV) "2=DOF

0–20% 1:50" 0:23" 0:35 221" 19" 19 4:7=4
20–40% 0:65" 0:08" 0:15 217" 18" 16 5:0=3
Min. Bias 0:49" 0:05" 0:11 233" 14" 19 3:2=4
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FIG. 4 (color online). Invariant cross section (pþ p) and
invariant yield (Auþ Au) of direct photons as a function of
pT . The filled points are from this analysis and open points are
from [19,20]. The three curves on the pþ p data represent NLO
pQCD calculations, and the dashed curves show a modified
power-law fit to the pþ p data, scaled by TAA. The dashed
(black) curves are exponential plus the TAA scaled pþ p fit. The
dotted (red) curve near the 0%–20% centrality data is a theory
calculation [7].

TABLE I. Summary of the fits. The first and second errors are
statistical and systematic, respectively.

Centrality dN=dy (pT > 1 GeV=c) T (MeV) "2=DOF

0–20% 1:50" 0:23" 0:35 221" 19" 19 4:7=4
20–40% 0:65" 0:08" 0:15 217" 18" 16 5:0=3
Min. Bias 0:49" 0:05" 0:11 233" 14" 19 3:2=4
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Direct photon spectra  
                                at d+Au and p+p 

• Excess in d+Au? 
•  No exponential excess 

• High-pT direct photon results 
from PHENIX and STAR 
•  d+Au 

•  Agree with TAB scaled pQCD 
•  consistent with PHENIX and STAR 

•  p+p 
•  Agree with pQCD and PHENIX 

•  Low-pT direct photon  
•  No publication data at STAR 

11/07/25	 PANIC11@MIT, Cambridge, USA 

INCLUSIVE π 0, η, AND DIRECT PHOTON . . . PHYSICAL REVIEW C 81, 064904 (2010)

D. Direct photons

The double ratio Rγ [Eq. (15)] measured in p + p and d +
Au collisions is shown in Fig. 27. The shaded band near Rγ =
0 indicates our estimate of the upper limit of the remaining
neutral hadron contamination. The curves correspond to NLO
pQCD calculations [68], which were further evaluated as

Rγ |theor = 1 + (γdir/π
0)NLO

(γdecay/π0)simu
, (26)

where the numerator is the ratio of the NLO pQCD direct
photon and π0 cross sections. The denominator is given by
the number of decay photons per π0, as determined by the
simulation described in Sec. V E.

The NLO pQCD calculation used the CTEQ6M [63] parton
densities and the GRV [69] parton-to-photon fragmentation
functions as an input. The scale dependence of this calculation,
indicated by the dashed curves in the figure, was obtained
by changing the scale µ in the calculation of prompt photon
production, while keeping the scale corresponding to the π0

cross section fixed at µ = pT . In addition, we have varied
the factorization scale for both cross sections simultaneously.
The observed variation was quantitatively similar, although in
the opposite direction. Because the measured π0 spectrum
favors the result of the pQCD calculation with µ = pT , we
have used this value for all three curves.

Although Fig. 27 demonstrates that the measured values
of Rγ are consistent with the calculated direct photon signal,
the interpretation in this context has its limitations. First, the
curves do not follow directly from the theory but depend on our
simulation of the decay photon yields, as shown by Eq. (26). In
addition, the NLO pQCD cross section for π0 production is less
accurately constrained than that for prompt photon production.
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FIG. 27. The direct photon yield in (a) p + p and (b) d + Au
collisions at

√
sNN = 200 GeV, expressed in terms of the double

ratio Rγ . The error bars are statistical and the shaded bands are
pT -correlated systematic uncertainties. The curves correspond to
NLO pQCD calculations of the differential cross sections for direct
photon [68] and π 0 [52] production in p + p collisions for different
factorization scales µ (the upper pQCD curve corresponds to µ =
pT /2). The upper limit of the fractional neutral hadron contamination
C0 is shown as the shaded band at Rγ = 0.
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FIG. 28. The differential cross section for direct photon pro-
duction at midrapidity in p + p and d + Au collisions at

√
sNN =

200 GeV, compared to the PHENIX measurement [29] and the NLO
pQCD calculation [68], which was scaled with 〈TdA〉 [Eq. (23)] in the
case of d + Au collisions. The error bars are statistical and the the
shaded bands are pT -correlated systematic uncertainties. The arrows
correspond to the 95% confidence limits, as defined in the text.

To allow for a more solid comparison to theoretical predictions,
as well as to other experimental data, we have converted Rγ

to an absolute cross section [Eq. (17)].
The calculation of absolute direct photon yields required

that the systematic errors associated with inclusive photon
yields, which canceled in the ratio Rγ , were included again.
We derived the 95% confidence limits for the cross section in
the pT bins where Rγ did not correspond to a significant direct
photon signal, assuming that the statistical and systematic
errors both followed a Gaussian distribution and using the
fact that Rγ ! 1 by definition.

Figure 28 shows the invariant cross section for direct
photon production in p + p and d + Au collisions. The
normalization uncertainties are not explicitly given in the
figure. The NLO pQCD cross section for direct photon
production in p + p collisions was scaled with the nuclear
thickness function 〈TdA〉[Eq. (23)] to account for the number
of binary collisions in the d + Au system. The precision of the
presented measurement is limited by systematic uncertainties
for pT " 9 GeV/c and by statistical uncertainties for larger pT

values. Nevertheless, our results are compatible with the NLO
pQCD calculations. Our data are also in a good agreement with
the direct photon cross section in p + p collisions measured
by PHENIX [29].

Earlier measurements of direct photon production in
proton-nucleus collisions have been performed by the E706
experiment [70] by scattering protons on a fixed beryllium
target, with proton beam energies of 530 and 800 GeV. Those
data show a strong discrepancy with pQCD calculations,
which was attributed to multiple soft gluon radiation and
phenomenologically described as an additional transverse
impulse kT to the incoming partons [70]. It has also been
argued that this discrepancy might be attributable to nuclear
modifications present even in the light berillium nucleus used

064904-23

STAR, Phys.Rev.C81,064904(2010)	
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System size dependence of γ fraction 

•  γ fraction = Yielddirect / Yieldinclusive 

•  Largest excess above pQCD is seen at Au+Au. 
11/07/25	 PANIC11@MIT, Cambridge, USA 

No excess in d+Au 
(no medium) 

Excess also  
in Cu+Cu 
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Initial temperature at Au+Au 
•  Initial temperature Ti 

•  300 ~ 600 MeV (different 
assumptions) 

•  Depends on thermalization time τ0	
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 PHENIX, Phys. Rev. C 81, 034911 (2010)  

Theory calculations: 
d’Enterria, Peressounko, EPJ46, 451 
Huovinen, Ruuskanen, Rasanen, PLB535, 109 
Srivastava, Sinha, PRC 64, 034902 
Turbide, Rapp, Gale, PRC69, 014903 
Liu et al., PRC79, 014905 
Alam et al.,  PRC63, 021901(R) 
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Direct photon v2	
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 Expectation of direct photon v2 
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Chatterjee, Srivastava, PRC79, 021901 (2009) 

Hydro after τ0 
• Thermal photon in quark matter 

•  v2>0 at low pT 

•  v2~0 at high pT 

• Thermalization time τ0 
•  Early (smaller v2) 
•  Late (larger v2) 

• Constrain τ0 
•  Measure v2 at low pT 
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Inclusive photon v2 

11/07/25	 PANIC11@MIT, Cambridge, USA 

Calculation of direct photon v2 
= inclusive photon v2  
   - background photon v2(π0,η, …) 

v2
dir. =

R!v2
inc. ! v2

BG

R! !1inclusive photon v2 

 

Au+Au@200 GeV 
minimum bias 

preliminary 
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Check for hadron contamination	

11/07/25	 PANIC11@MIT, Cambridge, USA	

EMCal 

• Direct measurement 
(black) 
•  Identify photons with EMCals 
•  Contain hadronic source at 

low pT 

• External conversions 
(blue) 
•  Identify electron pair (γàe+e-) 

from gamma conversion 
• Good agreement at low pT 

•  No hadronic contamination 

inclusive photon v2 

 

Au+Au@200 GeV 
minimum bias 

preliminary 
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Inclusive photon and π0 v2 
• π0 v2  

•  similar to inclusive photon v2 
• Two interpretations 

•  There are no direct photons 
•  Direct photon v2 is similar to 

inclusive photon v2 

11/07/25	 PANIC11@MIT, Cambridge, USA 

π0 v2 

 

Au+Au@200 GeV 
minimum bias 

inclusive photon v2 

 
preliminary 
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Direct photon v2	

• v2 at low pT  
•  ~15% at pT=2.5GeV/c 

• v2 goes to 0 at high pT 
•  Hard scattered photons 

dominate	

11/07/25	 PANIC11@MIT, Cambridge, USA	

Au+Au@200 GeV 
minimum bias 

preliminary 
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Theory Comparison:  Direct photon v2	

•  Larger v2 than the prediction 
•  Data:    ~15% at pT=2.5GeV/c 
•  Model:    ~5% at pT=2.5 GeV/c 

• Need help from theorists 
•  There are not any models to 

reproduce the data 
•  To constrain τ0 with the 

improved models	

11/07/25	 PANIC11@MIT, Cambridge, USA	
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Centrality dependence of direct 
photon v2	

• High pT (pT>5 GeV/c) 
•  v2 ~ 0 (independent of 

centrality) 
•  Consistent with STAR 

results within large error. 

•  Low pT (pT<3 GeV/c) 
•  Inconclusive centrality 

dependence 

11/07/25	 PANIC11@MIT, Cambridge, USA	

STAR, arXiv:1008.4894 

5

and cluster merging for high pT π0. Uncertainties from
absolute yields enter indirectly via the hadron cocktail
and more directly at higher pT (where the real photon
measurement is used) by the Rγ(pT ) needed to establish
the direct photon v2. In fact, uncertainties of Rγ(pT )
(see [5, 10]) are the dominant source of error in our final
results.
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FIG. 1: (top) elliptic flow v2 in minimum bias collisions, using
two different reaction plane detectors: (solid circles) BBC
and (solid squares) RxNP (a) π0, (b) inclusive photon, (c)
direct photon. (bottom) (d) direct photon fraction Rγ for
virtual photons [5] and real photons [10] and (e) ratio of direct
photons to π0 v2.

Figure 1 shows steps of the analysis using the mini-
mum bias sample as an example. First the elliptic flow of
π0 and inclusive photons (vπ

0

2 ,vγ,inc2 ) are measured as de-

scribed above (panels (a) and (b)), then using the vγ,bckg2
flow of photons from hadronic decays and the Rγ direct

photon excess ratio, we derive the vγ,dir2 of direct photons
(panel (c)). Panel (d) shows the Rγ(pT ) values from the
direct photon invariant yield measurements using inter-
nal conversion [5] and real [10] photons, with their respec-

tive uncertainties. Panel (e) shows the ratio of vγ,dir2 /vπ
0

2 .
We observe substantial direct photon flow in the low pT
region (c), commensurate with the hadron flow itself (e),
and at low pT there is no difference between the flow
derived with BBC and RxNP. However, in contrast to
hadrons, the direct photon flow rapidly decreases with
pT and starting with 5GeV/c and above, it is consis-
tent with zero (c). The rapid transition from high direct
photon flow at 3GeV/c to zero flow at 5GeV/c is also
demonstrated on panel (e), since the π0 flow changes little
in this region. At higher pT we observe that the results
using BBC and RxNP are consistent within their sys-

tematic uncertainties, and both are consistent with zero.
However, taking the reaction plane from RxNP (which
is closer to midrapidity) tends to result in positive v2
values.
A major issue in any azimuthal asymmetry measure-

ment is the potential bias in determining the (event-by-
event) reaction plane. Event substructure not related to
bulk properties and expansion (like jets) can bias the re-
action plane measurement, particularly at higher pT and
lower multiplicity (more peripheral collisions). Such bias
becomes visible in minimum bias collisions (Fig. 1) for
both π0 and inclusive photons above 7 GeV/c pT . The
presence of a high pT particle practically guarantees the
presence of a jet, which in turn modifies the event struc-
ture over a large η range, and the bias on the true event
plane (with the bulk as its origin) is stronger if the overall
multiplicity is small and if the η gap between the central
arm (where v2 is measured) and the reaction plane de-
tector is reduced.
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FIG. 2: Centrality dependence of the π0 and inclusive photon
v2 (a) 0–20%, (b) 20–40%. (c) direct photon v2 for 0–20%,
(d) same for 20–40% centrality. The direct photon fraction is
taken from [5] up to 4 GeV/c and from [10] for higher pT .

Figure 2 shows v2 for different centralities as a func-
tion of transverse momentum for π0, inclusive and direct
photons. At low pT the v2 obtained with BBC and RxNP
are consistent within the stated reaction plane uncertain-
ties, indicating that there is little if any bias in the reac-
tion plane determination. The same is not true at high
pT where the BBC and RxNP agree within uncertainties
but the RxNP points for both π0 and direct photon v2
are consistently higher for 20–40% centrality presumably
due to increased bias from nonflow (jet) correlations in
the RxNP.
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Figure 1. (Color online) For pT < 6 GeV/c, both panels show previous STAR
measurements [13] of v2 as a function of pT for charged particles with |η| < 1 in 10-40% Au+Au
collisions at

√
sNN = 200 GeV using the Event-Plane method (closed red circles), and the 4-

particle cumulant method (open circles). Also v2 for charged particles (|η| < 1) using off-η event
plane method is shown in closed black circles (this analysis). For pT > 6 GeV/c: (left panel)
v2 of charged particles (red and black circles) and v2 of neutral particles (red and black stars)
using the full TPC and off-η event plane methods respectively; (right panel) v2 of π0 and γrich
(open and closed squares, respectively) using the off-η method.
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Figure 2. (Color online) For pT < 6 GeV/c, both panels show measurements as in Fig. 1.
For pT > 6 GeV/c, both panels show v2 of charged particles, π0, and γdir (circles, squares, stars
respectively) using the full TPC (left panel) and using off-η methods (right panel).

pT the two different methods (full TPC and off-η) for the reaction plane measurements give
similar results (both for the charged and neutral particles separately), which might indicate the
dominance of non-flow contributions in v2 measurements. The v2(pT ) of the neutral particles
show systematically smaller values than those of charged particles due to the γdir contributions.

2.3. Transverse shower profile analysis
A crucial part of the analysis is to discriminate between showers from γdir and two close γ’s from
high-pT π0 symmetric decays. At pπ

0

T ∼ 8 GeV/c, the angular separation between the two γ’s

Cent10-40%	
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Summary	
• Direct photon yield 

•  Large excess at pT<3 GeV/c (big result at RHIC) 
•  Not initial state effects 

•  Ti = 300-600 MeV from hydro calculation 
•  Above critical temperature (170 MeV) from lattice QCD calculation 

• Direct photon v2 
•  Large positive v2 at low pT(<3 GeV/c) 

•  Model underestimates the data 
•  We expect the improvement of model to constrain τ0 

•  v2 ~ 0 at high pT(>5-6 GeV/c) 
•  Photons from hard scatterings are dominant source 
•  Consistent with the interpretation of direct photon RAA~1 
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Backups	
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Systematic error of direct photon v2	
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imum bias Au+Au collisions. Events were triggered by
the Beam-Beam Counters (BBC, as described in [11]),
which comprise two arrays of Čerenkov counters cover-
ing 3.1 < |η| < 3.9 and 2π in azimuth in both beam
directions (North and South). Event centrality was de-
termined by the charge sum in the BBC.
Event-by-event reaction plane has been determined by

two detectors, the first being the BBC itself. The res-
olution (effectively a dilution factor with which the ob-
served v2 has to be normalized in order to obtain the
true v2) is defined as σRP =< cos[2(Ψtrue−ΨRP)] > and
it is established by comparing event-by-event the reac-
tion planes (RP) obtained separately in the North and
South detectors. The resolution is highest in the 20–30%
centrality bin where it reaches a value of 0.4. For the
2007 data taking period, a dedicated reaction plane de-
tector (RxNP, [12]) was installed covering 1.0 < |η| < 2.8
and the full azimuth. The RxNP is a highly segmented
lead-scintillator sampling detector providing much better
measurement (σRP ∼0.7) than the BBC, but it is closer
to the central |η| < 0.35 pseudorapidity region where v2
is measured. The 0.7/0.4 = 1.75 improvement on the re-
action plane resolution results is a 1.75-fold improvement
on point-by-point uncertainty.
Inclusive photons were measured in the electromag-

netic calorimeter (EMCal, [13]) of PHENIX. Particles
were identified (PID) and hadrons were rejected by a
shower shape cut and a veto on charged particles using
the Pad Chambers (PC, [14]). The remaining sample is
collected for each pT range in histograms binned accord-
ing to Φ − ΨRP where ΨRP is the azimuth of the event-
by-event reaction plane and established independently by
the BBC and RxNP. These distributions are then fitted
for each pT range with N0 [1 + 2 v2 cos{2(Φ−ΨRP)}]
to extract the raw vγ,meas

2 coefficient for inclusive pho-
tons. While the PID eliminates virtually all hadrons
above 6GeV deposited energy (which might come from
hadrons of any pT above 6GeV/c), a significant fraction
of hadrons (up to 20% below 2GeV deposited energy)
survive the cuts and hadrons are known to have a large
v2 value. Therefore, the observed vγ,obs2 of inclusive pho-
tons is obtained after correcting for hadrons as

vγ,obs2 =
vγ,meas
2 − (Nhadr/Nmeas)vhadr2

1−Nhadr/Nmeas
,

where vhadr2 is the elliptic flow of hadrons and
Nhadr/Nmeas is the fraction of hadrons in the sample
surviving the PID cuts, as estimated from geant simu-
lations (20% at 2GeV, 10% at 4GeV and negligible above
6GeV deposited energy). This procedure was verified at
low pT using external conversion photons, free of hadron
contamination. Finally the true v2 for inclusive photons
is obtained by dividing by the reaction plane resolution
vγ,inc2 = vγ,obs2 /σRP.
A large fraction of inclusive photons come from hadron

decays, predominantly from π0 (∼80%) and η (∼15%),

with a small fraction coming from ρ,ω and η′ decays,
but only the π0 v2 is directly measured. The measure-
ment of neutral pions and their v2 is described in detail
in [4]. We assume that η, ω, etc. follow the same KET

scaling observed in hadrons [15] where KET = mT −m,
Thus, vhadr2 (pT ) can be calculated for all hadrons from

vπ
0

2 (pT ). We assume mT -scaling of pT spectra and es-
tablish a “hadron cocktail” similar to the one applied
in [5] using the measured yield ratios. This cocktail is
then used in a Monte Carlo simulation to calculate the
total vγ,bckg2 due to photons from hadron decays. Elliptic
flow of the direct photons is then calculated as

vγ,dir2 =
Rγ(pT )v

γ,inc
2 − vγ,bckg2

Rγ(pT )− 1
,

where N inc = Nmeas−Nhadr is for inclusive photons and
Rγ(pT ) = N inc(pT )/Nbckg(pT ) is the ratio of inclusive
to hadron decay photons or “direct photon excess ratio”.
Values of Rγ(pT ) above 5GeV/c are taken from the real
photon measurement with the PHENIX EMCal [10], and
below that from the more accurate but pT -range limited
internal conversion measurement of direct photons [5].

TABLE I: Representative values of systematic uncertainties
contributing to the direct photon v2 measurement, shown for
various pT ranges for minimum bias collisions

Source 1–3ǴeV/c 10–16ǴeV/c Type

inclusive γ v2

remaining hadrons 2.2% N/A A

v2 extraction method 0.4% 0.6% B

π0 v2

particle ID 3.7% 6.0% A

normalization 0.4% 7.2% A

shower merging direct γ N/A 4.0% B

Rγ 3.1% 22% A

common reaction plane 6.3% 6.3% C

Sources of systematic uncertainties for representative
pT values are listed in Table I along with their characteri-
zation: type A means point-by-point uncertainties which
are uncorrelated with pT , type B means uncertainties
that are correlated (with pT ) and type C is the over-
all normalization uncertainty, moving all points by the
same fraction up or down. Since the v2 measurement is
a relative one (the azimuthal anisotropy is fitted with-
out the need to know the absolute normalization), the
π0 and inclusive photon v2 measurements are largely im-
mune to energy scale uncertainties which are typically
the dominant source of uncertainty in an absolute (in-
variant yield) measurement. The uncertainties on v2 are
dominated by the uncertainty on determining σRP and
particle identification: hadron contamination for photons
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Comparison with other models	
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